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INTRODUCTION

The introduction of polyethylene -2, e6-Naphthalate (PEN)
semicrystalline filmw th thicknesses of 0.9um, 1.5um, 4.0um and
6pm by DuPont Co. brought great interest in the capacitor
community. Its unique chemcal and high tenperature stability, as
wel | as superior thermo-méchanical properties allow ultra thin
(2pm) PEN filmto be processed into mniature multilayer chip
capacitors for surface nount technol ogy (sMT) application that can
be|$sed ynth standard sol dering techniques (260°c, 10 Sec. for wave
sol dering

The physical, thermal and electrical properties of ultra thin
PEN film were published in 1992('), but no technical information was
mentioned for the 6pm capacitor grade PEN film which can be used
for high voltage pul sed power capacitors applications. Feyder!"
di scussed the biaxially oriented semicrystalline commercial 2pm PEN
film which has a structure that can be reorgani zed during subse-
quent exposure to a tenperatures in excess of the crystallization
temperature of the filmduring film processing. ased on this
property, a thermal stabilization technique was devel oped which can
further increase the thermal resistance of the film beyond its
glass transition tenperature (122°c) and approach its nelting
temperature (266°c). Nevertheless, the effects of the electrica
properties and the norphol ogi cal changes of thermally stabilized
filmwere not studied.

For the rirst tine in this paper, we report the thermal
stabilization effect of eum PEN filmon the electrical properties/
breakdown strength and related crystallinity chan?e. Both x-ra
di ffraction (XRD) and differential scanning calorimetry (DSC
techni ques were used to study the thernally treated 6pm PEN film at.
different tenperatures. The correlation of xrbD and DSC results
fromthe PEN Tilmanal ysis yields an equati on enabling cal cul ation




of crystal linity from simple and inexpensive DSC heat of fusion

dat a. This will allow PEN film users, as well as capacitor
manufacture a method for nonitoring quality and process control
EXPERI MENTAL

The 6um PEN Film was provided by Dr. G Feyder of DuPont de
Nemours (Luxenbourg) s.a. The filmwas wapped on a glass cylinder
and taped on all sides W th high tenperature Kapton adhesive taEF
bef ore bein% pl aced in the oven for heat treatment. Three é6um PEN
films were heat treated as follows:

Sanple 1. 2 hours at 245°C
Sanple 2: 2 hours at 245°c +- 1 hour at 255°C
Sanple 3: 2 hours at 245°C + 1 hour at 255°C + 1 hour at

258°C
ELECTRI CAL PROPERTI ES

Br eakdown strength

Breakdown vol t age (BDV) neasurenments were performed according
to the ASTM standards, p. 2149 and 3755, which describe procedures

of tests at commercial power frequency (60 Hz) and direct voltage-
stress, respectively.

a1l breakdown tests were conducted in silicon oil using
rounded (0.8 nm radius) brass electrodes 6.35mm (1/4") in dianmeter
The MBH? t of the upBer el ectrode was 60 4 %9, as required by the
st andards. For DC breakdown spellman RMP 50PN300 (50 kV, 6ma)
power supply was used with voltage rate controlled by a voltage
rogr anmer . In all neasurenents, voltage was raised at a rate of
00 V/s until the breakdown occurred. The dc breakdown event
itself was nonitored on the Nicolet 4094 storage scope using
Nicolet HV15HF high voltage probe. After each run, the sanple was
tested again for its ability to wthstand voltage as an indicator
of breakdown. Dependi ng on the spread of the breakdown data,
thirteen or nore data points were obtained for each sanple.
Reported values are the averages and corresponding standard
devi ations.

D electric Constant and bpissipation Factor

Standard neasurenments of dielectric constant (e¢) and dissipa-
tion factor (tané) at roon1tenFerature (23°c) were conduct ed u5|ng
nonmetallized 6pm thick PEN film samples,mercury el ectrodes 1 .90
cmin dianeter, HP4284A LCR bridge and npisoa7c test fixture. The

araneters used with LCR bridge were as follows: 1v ac signal, c-
function, frequency range 20Hz to 1 MHz averaging ten values at
each frequency. The dielectric constant (e.) is calculated using

a standard formula (C = ¢y e a/t) with the thickness t checked before
each measurement.




Dielectric Constant and Dissipation Factor VS. Temperature

To neasure the dependence of ¢, and tané on tenperature, a
system desi gned by Pol yner Laboratory was used. 1t i ncludes the
GenRad bridge (20Hz to 100kHz), tenperature controller and high
tenperature (up to 300"c) dielectric fixture with unguarded 3.3 cm
in dianeter disk electrodes. The fixture is fully enclosed allow-
ing the circulation of inert gas, in this case high purity argon.

Metallized sanples were used for this set-up. Once closed, the
fixture with the sanple inside was flushed with gas and continued
flow of gas was nmaintai ned throughout the neasurenents. The

tenperature controller was set to start from40”C and raising the
tenperature at the rate of 2°c/min. Wth 6 mnutes dwelling
(stabilization) time at each 10°c increnent, at which the dielec-
tric properties were neasured. Three runs with three different
limiting tenperatures were performed on the same sanple. In the
first run, the 1init was set to tenperature just below PEN film T,
at 110°C. After cooling down, the second |imt was set to tenpera-
ture below crystallization at 160°c. After cooling the sanple
again, the limt of the third and final run was set to 220°cC.

X-Ray Diffraction

The x-ray diffraction data was acquired using a conventiona
diffractometer Stage. Since the diffraction intensity is a very
sensitive function of sanple position, the thin PEN filnms were
positioned on a ribbon-l1ke platinumfoil which served as the
sanpl e support and provided a reference diffraction response for
the calibration of the scatter|n% angel . D fferent pieces of
virgin material were individually heat treated. Only flat pieces
were used in the analysis. The diffraction scans covered a two-
theta range of 38 degrees starting at 5 degrees two-theta. Figure
1 shows the XRD spectra of comercial 6um PEN film heat treated at
different tenperatures. The sumtotal of the x-ray counts fromthe
anmor phous and crystalline peaks was determ ned for each sanple by
subtracting the platinum spectrum from each sanple spectrum  The
usual ly intense crystalline peak was assuned to be symmetric and to
be superinposed on a broad anorphous background. A plot of anor-

phous versus crystalline intensity is shown in Figure 2. The
Intercepts were calculated from a |east-square, straight-li.ne fit
to the data.

Differential Scanning Calorimetry

This nmethod was used to determne the glass transition
tenperature (r.) and nelting point (T,) of the riims. The DSC
experinents wete done on a DuPont 910 at a heating range of
10°C/min. in lidded al um num pans under an argon purge.



RESULSS  AND_ DISCUSSION

XRD_and  bs¢

The XRD nmet hod was used to determ ne the degree O crystal -
linity of the PEN fi lm. todetermne the degree of crystal 1inity
in a single phase polynmer by x-ray diffraction, the Hermans-
Vi di nger method can be used(2). This method depends on the
exi stence of proporti onal ity between the crystal 11 ne di f f raction
| ntensi ty I, and the crystalline portion of the material (XC) , and
bet ween the anorphous diffraction intensity 1, and the anorphous
portion (X/). This means that the crystalline fraction is propor-
tional. to 1, by some proporti. onal. i.ty constant. p, or

XC = pI,
and by the sanme reasoning

X, = ql, =1 - X

a

&

|f the values of 1_ are plotted against 1, the points should
lie on a straight 1line that represent the regression line of the
correlation between 1. and 1,. ‘l'he points of intersection on the
axis give the values for conpletely. amyrophous and conpletely
crystal] ine sanples, desi gnated by c100 ~at00* From this, t he
Bunerical val ues of the proportionality constants can be determ ned
y: 1 1

4 =

Ic‘IOO I1100

To determ ne the integrated intensities (1) of the crystalline
reflections, we used a Pearson viii distribution

t herefore

_ Table | lists the 1, and 1, values of four eum PEN filns shown
In Figure 1.

Figure 2 is the | east square plot of 1, vs. 1.. The percent
of crystallinity of the four films studied are listed in ‘I’ able I.

The DSC spectra of four films studied are shown in Figure 3.
No detectable glass transition tenperature (1) was observed in any
of the four sanples. The melting point and heat of rusion val ues
are listed in Table 11. The virgin PEN 6um film had | owest heat of
fusion value, but with the highest nelt.ing point when conpared with
all heat treated filns. ‘I"he virgin film has the highest anorphous
phase content which nay have been entrapped in the «crystalline
phase and caused the increase of crystal thickness which gives the
| ower heat of fusion and higher nelting point values. Figure 4



shows the relationship of percent of crystallinity (%X) and heat
of fusion. The sl ope of the plot is 1.058 and the follow ng
equation can be established:

%X. = 1.058 x heat of fusion (J/gin)

For a given PEN film %x, can be obtained when heat of fusion
value is known. Table 3 listed the %x val ues determ ned by XRD
as well as calculated from DSC heat of the fusion results.

~The %x_ val ues obtained from xrp nethod has an error of 310%
which is |ess accurate than the value obtained form DSC nethod due
to the difficulty of separating 1, and 1, from x-ray spectrum

El ectrical Properties

The el ectrical breakdown strength of virgin 6um PEN filns heat
treated at different tenperatures, and %X  obtai ned from DSC net hod
are listed in Table 4. The sanple 2 (2 hrs. 245°C + 1 hr. 255°C)
has best of the BDS value of 3.84 #0.29 kV, which is -17% hi gher
and the %x, also has 12% higher value of crystalline thanthe
virgin film The dielectric constant (¢.) and dissipation factor
(tané) of virgin éum PEN fil m neasured at roomtenperature and 1
KHz with nercury electrode yield values of ¢ .=3.04, tané=0.0043
which are identical with the data reported by reyderW. Figure 5
shows dielectric constant, dissipation factor of commercial éum PEN
film as a function tenperatures and frequencies. The low ¢ due to
the renoved volatile species such as water, which are renoved dur-
ing metallization of al um num on both sides of the filmto make
el ectrodes. The increase of ¢ above 120°c is due to the volune
i ncrease above the T of the film At tenperatures near T,
(~120°C), a tané minimum at frequencies lower than 100 Hz Is
observed, but at tenperatures near 180°c, a second m ni mum at
frequencies |ower than 100 nz may be caused by the polynmer chain
structure reorgani zed during subsequent exposure to tenperatures in
excess of the crystallization tenperature of the filmduring film
processi ng.

CONCI.USION

1. DSC and XRD results shown heat treated eum PEN films had
hi gher crystallinity. _

2. An equation to calculate #x_ from heat of fusion (from
DSC) was devel oped, which will provi de capacitor manufac-
turers and PEN film users a nethod for nonitoring film
quality and process control.

3. El ectrical breakdown strength (EBs) of PEN film increases
when crystallinity of the filmincreases. For 6pm PEN
filmheat treated at 2 hrs. 245°C plus 1 hr. 255°C gave
t he best EBs val ue. This is ~17% higher than that of
vi{gin filmwth simlar standard deviation of the EBs
val ue.




4. The above results suggest when eum PEN film is used as
capacitor dielectric film for pulsed power application
The energy density of the capacitor can be increased by
heat treatnment of capacitor wnding section at 2 hrs.
245°Cc -t- 1 hr. 255°C to increase the EBs of the film

bef ore packagi ng.
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* %X calculate from %X . Ply (P=2.7 x 10°9)

T T ic la
Sample No. Condition of (crystalline (amorphous %Xe *
heat treatment count) cogﬁ})ﬁ_ﬂ_ e
TG T T g | 13458 | 2278 363
" ] 2hes24se C 18007 765 | 86 |
Y TZtrszaseC+ | 18621 2106 50.3
1hr255° C R I R ]
T “I2tws 245 Ca |
3 1hr255° C+ 20716 1884 $5.9
L 1 hr258° C 3 I S

Table 1. x-ray diffraction results
of comercial 6 pm virgin and heat treated
PEN films.
o . Gondition of Melting Point | Heat of Fusion |
Sample No. heat trestiment (Tm)e C (J/gm)
- _0 T virgin | 266.13 42.57
B 1 2 hrs 245° € 258.86 - 5283 |
= 2hrs 245° G+ |- N -
2 1hr 255° € 262.12 53.85
2 hrs 245° C+ T
3 1 b 255° C+ 264.4 54.59
1hr258° C

Table 2. DSC results of commerci al
6 pm vi rgi n and heat treated PEN fi lms .
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Condition of %Xc from %Xc from
Sample No. heat treatment XRD method DSC meth_od_
virgin 36.3 45
2'hrs 245° C 486 s5.89
o 2 hrs 245° Ca 50.3 56.97
1 hr 255°
T | 2 tws245°C 4
3 1 hr255°C+ 55.9 57.76
1 hr 258° C
‘I"able 3. Comparison of %Xc valures of

um V1 rgin-and heat trated PEN films
obtained from XRD and psc met hods

Cormgmanoat 1| 1
Samplie No heat treatment EBS (KV) _ %Xc from DSE )
6 T Virgin 327102 | 45.04
TEETTTT T 2hs 245° € | 3.75 1 046 55.89
2 2 hrs 245° €4 3.84 110299- | S6.97 |
Lhr255° € B -
T 2 hrs 2480 € + -
3 Lhr255° C# | 3.844 0,36 5977
L 1hr258° € -
Table 4. Conparison, of D.c. Electric breakdown

L rength (EBS) wigh %X obtained from DSC
method of 6 pmvirgin and heat trated
PEN films.
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